In laboratory engine tests, a combination of platinum and cerium fuel additives with a platinum activated wall flow monolithic filter has been shown to be especially effective in the control of diesel particulate. Continuous regeneration of a filter can be achieved at temperatures of 600 K using 5 ppm of cerium and 0.5 ppm of platinum in EN590 fuel containing 500 ppm (wt) of sulfur.
INTRODUCTION
Removal of carbon particulate matter ("soot") from diesel exhaust gas is a challenging and relevant topic in automotive engineering. The most promising technique of soot removal is after treatment, namely: particulate capture and subsequent catalytic oxidation. From systems design and energy consumption considerations, an important parameter is the minimum temperature for continuous or induced regeneration.
Two systems have been the subject of substantial developments: The first uses a fuel additive in combination with an uncatalyzed filter. Examples of additives include fuel soluble compounds of Mn, Fe, Cu, Ce and Pt -metals that are active catalysts for the oxidation of carbon particulates.
The second system uses one or more filters pre-catalyzed with metals such as platinum which are effective in oxidizing carbon particulate. Platinum catalyzed filters have been reported which regenerate at 623 K and above but suffer from sulfate formation [1] . A recent development utilizes a platinum activated precatalyst to oxidize NO to NO 2 which then oxidizes carbon particulate on a filter. The system is reported to be effective in continuous filter regeneration at temperatures in the region of 600 K using low sulfur fuel (50 ppm (wt)) [2] .
A new system which has been developed combines platinum and cerium fuel additives with a catalyzed wall flow monolith filter. With an additive dose rate of platinum and cerium that is more than one order of magnitude lower than dosages reported in literature continuous filter regeneration can be achieved at 600 K using fuel containing 500 ppm (wt) of sulfur.
EXPERIMENTAL
DIESEL ENGINE -The diesel engine used for soot collection and filter evaluation was a two cylinder LPW2, produced by Lister-Petter, UK. The engine was direct injected, water cooled and naturally aspired, and was equipped with a Stamford generator. The electrical power generated (75 % of maximum rated power) was dissipated through an electrical resistor from Perk, Rotterdam. The engine inlet air was temperature controlled with a heating element and kept constant at 305 K. The fuel consumption was 1.25 kg/h and showed no significant change during the experimental program. The diesel fuels that were used during the program were standard EN590 fuels, summer specification. Three different batches were used. The fuel sulfur content was 500 ppm. The lubricant oil used was Elf Perfo 2B 20-W30 API CC. The metal fuel additives used in the project are listed in Table 1 .
When the fuel composition was changed, the fuel filter was also changed and the engine was conditioned on the new fuel for 24 hours to prevent substantial memory effects. The fuel filter was not changed when the change in fuel composition was an increase of the amount of additive used.
SOOT SAMPLES -Soot samples were taken for study in flow-reactor equipment by passing the full exhaust gas stream through a filter, contained in a filter holder, until the back pressure reached 0.5 bar. The back pressure was then maintained at 0.5 bar using a slipstream valve. During this operation, the engine exhaust temperature increased by about 40 K. The total sampling time was 6 minutes. The filters used were Gelman Sciences A/E 265 mm filters, supported by paper filters to prevent rupture of the filter due to exhaust gas pulsation. When soot samples were taken with a new fuel composition, the engine exhaust pipe and filter holder were cleaned after the engine had run in on the new fuel composition for 10 -20 hours after the fuel change. The collected soot was scraped of the filter and sieved with a 250 µm sieve.
ENGINE EXPERIMENTS WITH FILTER -A side stream of the diesel exhaust gas was used for filter experiments. The cordierite monolithic filters used were segments of 2 cm in diameter and 4 cm in length, cut out from larger filters supplied by Degussa. The type of filter used was Corning EX80. Platinum impregnated filters were prepared by dipping a monolith segment into a platinum solution (8 mg tetraammineplatinum-(II) chloride hydrate/g water), followed by calcination at 725 K for 30 minutes. Ceramabond 503 ceramic glue from Aremco was used to plug the alternate channels of the monolith segments and to subsequently attach them to a quartz tube used in the filter test equipment. The quartz tube with the filter attached to it was then placed in an oven to dry the ceramic glue at 365 K for 1 hour, followed by calcination at 675 K for 4 hours. A detail of the equipment, the filter holder, is shown in Figure 1 . The quartz tube with the monolithic filter attached to it was placed in a stainless-steel tube that was heated with an oven and connected to a side stream of the engine exhaust pipe. Thermocouples were placed within and downstream of the filter as shown in Figure 2 . The pressure drop over the filter was measured with a Protran PR 3201 pressure transducer. Part of the exhaust gas was pumped through the filter with a vacuum pump. The flow was controlled with a mass-flow controller at 8 l n /min. Before each measurement, the pressure drop over the clean filter was measured using air at ambient temperatures. In most cases this pressure drop was about 20 mbar. This pressure drop is included in the reported pressure drop curves. Regenerations of the filter were induced by increasing the oven temperature with 5 K/min to 925 K, followed by a period of 30 minutes at 925 K. FLOW REACTOR EXPERIMENTS -Laboratory flowreactor experiments were performed with the equipment shown in Figure 3 . A constant gas flow of 200 ml/min, containing 10 vol % of oxygen in argon was used for each soot sample. The concentration of NO could be varied from 0 to 1500 ppm, and was kept constant during an experiment. The reaction temperature was 650 K.
Before each experiment, 20 mg of soot was placed in the reactor, mixed with 6 mg of a supported platinum catalyst (1 wt % platinum metal on amorphous silica-alumina (ASA)) and diluted with 400 mg of silicon carbide. The CO, CO 2 , and NO concentrations in the outlet were measured with a Hartmann & Braun URAS 10 Non Dispersive Infra-Red analyzer. Based on the flow and the CO and CO 2 concentration, the soot oxidation rate was calculated, together with the total amount of carbon oxidized. The carbon mass balance was always in the range of 90 -110 %. The soot samples used were collected according to the procedure described above. Figure 4 , the results of a typical filter experiment are shown. The pressure drop over the filter and the temperature in the filter are plotted as a function of time. In this case, a plain Corning EX80 filter was used in combination with 100 ppm (wt) cerium in the fuel. Four segments can be observed, at different filter temperatures. After each segment the filter was regenerated by increasing the oven temperature to 875 K for 30 minutes.
RESULTS

ENGINE EXPERIMENTS -In
The temperature in the first two segments of the experiment is high enough for stable operation. In the third and the fourth segment the filter temperature is not high enough for stable operation, and the pressure across the filter keeps increasing. From this experiment, it can be concluded that the minimum temperature for continuous regeneration for fuel containing 100 ppm of cerium in combination with a Corning EX80 particulate filter is 705 K. Similar experiments were performed with several fuel additives and filter combinations. The results of these experiments are summarized in Table 2 .
When the soot collected on the filter is burned by increasing the filter temperature, a sharp temperature rise can be observed when a large amount of soot is present on the filter. The maximum temperature can be as high as 1200 K, independent of the type of additive used. When the amount of soot collected on a filter is limited, the maximum temperature is tempered to 900 K or lower. In all cases, the observed maximum temperature downstream of the filter is significantly lower than the maximum temperature in the filter.
During continuous experiments of 15 days with the platinum-cerium system, no filter plugging was observed. The ash collected on the filter consisted mainly of cerium oxide and could be removed from the filter by simple shaking. FLOW-REACTOR EXPERIMENTS -In all flow-reactor experiments discussed here, the oxygen concentration is 10 vol. % in argon at a temperature of 650 K. The oxidation rate calculated from the outlet CO and CO 2 concentrations is normalized for the total amount of soot oxidized. In Figure 5 , the oxidation rate of cerium activated soot together with a supported platinum catalyst is plotted as a function of the conversion for NO concentrations of 0, 250, and 500 ppm. The same results are plotted for copper activated soot in Figure 6 and for iron activated soot in Figure 7 . The effect of NO on the oxidation rate is significantly larger for cerium activated soot than for iron or copper activated soot. Figure 7 . Influence of NO on the oxidation rate of iron activated soot mixed with a supported platinum catalyst at 650 K in 10 vol % oxygen in argon.
The effect of NO on the combustion rate is more clearly observed in Figure 8 , where the acceleration of the oxidation as a result of NO addition is plotted as a function of the inlet NO concentration. For cerium, the oxidation rate in the presence of 1500 ppm NO is around 20 times the rate measured in absence of NO. For iron and copper this ratio is approximately 7. When the supported platinum catalyst is omitted, the effect of NO in the gas phase is less significant. For pure cerium activated soot, the oxidation rate in presence of 1000 ppm NO is slightly lower than the oxidation rate of the same soot mixed with platinum catalyst, in presence of 250 ppm NO (not shown). Furthermore, the platinum catalyst is only active when it is mixed with the soot. When the platinum catalyst is placed upstream of the soot, the same results are obtained as though no platinum catalyst was present (not shown). The platinum catalyst is only effective when NO is present in the gas phase. Without NO in the gas phase the oxidation rates of any metal activated soot are not changed. The supported platinum catalyst does not contribute to the activity of any metal activated soot when NO is absent from the gas phase.
DISCUSSION
OXIDATION MECHANISM -The engine experiments show a remarkable decrease of the minimum temperature for continuous regeneration when a platinum/cerium fuel additive is used in combination with a platinum activated particulate trap. A comparable but less spectacular reduction of the minimum temperature is observed for platinum/copper and platinum/iron additives. This observation is supported by the results of the flow-reactor experiments. When used in combination with a supported platinum catalyst and 500 ppm of NO in the gas phase, the oxidation rate of cerium activated soot is at least 1.5 times as high as that of copper and iron activated soot at 650 K. As shown in Figure 8 , the acceleration of the oxidation reactions by NO and a supported 
The mechanisms by which carbon particulates are oxidized in a diesel exhaust gas environment have been the subject of extensive research [1, [3] [4] [5] [6] . This and the earlier work identifies the significant role that NO together with O 2 play in promoting low temperature catalyzed carbon particulate oxidation.
It is known that platinum catalyzes NO to NO 2 and that NO 2 oxidizes carbon. However, when metal activated soot is used in combination with a supported platinum catalyst, this is only effective when it is in intimate contact with the soot. This suggests that in this system, the mechanism by which NO in the presence of O 2 reacts with carbon is different.
The results indicate that the Pt/Ce activated soot and supported platinum catalyst are important elements of the low temperature system. One explanation of the observed results is that NO is oxidized to NO 2 on the supported platinum catalyst and this reacts with the carbon particulate catalyzed by the residue from the Ce/Pt fuel additive. Multiple NO/NO 2 /C reactions are envisaged to explain the enhanced activity.
It is also possible, noting that the metal activated soot and supported catalyst are most effective when in intimate contact, that a surface reaction involving the transfer of a reactive NO/O 2 species is involved rather than NO 2 . A surface transfer reaction has previously been proposed for metal oxide catalyzed carbon particulate oxidation in the presence of O 2 alone [3-6].
These observations can be combined with the noncatalytic and the metal(oxide) catalyzed oxidation of soot with oxygen, resulting in a postulated reaction mechanistic scheme shown in Figure 9 . In addition to these possible mechanisms, consideration should be given to the role of carbon together with NO in the overall reaction.
Studies by Chambrion [3] and Illan-Gomez [4] show that NO is dissociatively adsorbed onto carbon and that this process is catalyzed by several transition metals at temperatures below 673 K.
Matsouka [5] examine the reaction of NO and carbon in the presence of oxygen and platinum at temperatures in the range of 573 K to 773 K and found that there was clear evidence for the reaction.
Matsouka [5] postulates that the reaction is between nitrogen adsorbed on carbon and NO dissociatively adsorbed on the platinum.
In addition to a possible further role of Pt/Ce fuel additives and supported platinum catalyst in oxidizing particulate carbon, the involvement of carbon together with NO/O 2 provides a mechanism for the reduction of NO to N 2 which has unexpectedly been observed in diesel exhaust systems.
STABILITY -The system operated well with EN590 fuel containing 500 ppm of sulfur for a sustained period at lab scale. It did not suffer from filter plugging or sulfate formation. This is a remarkable result, since most systems using NO oxidation are very sulfur sensitive. In those NOoxidation systems, the sulfur present in the exhaust gas stream will be oxidized to sulfates. These sulfates can block the filter system or may increase the emission of particulate matter as sulfate aerosols. It has been reported that the cerium additive does not damage the filter, and periodic removal of the formed ash was possible and sufficient [8] . The ash that was observed with the experiments discussed here was also easy to remove. The frequency of filter cleaning could, however, be reduced significantly using the platinum /cerium system because of the very low amount of additive needed. In this platinum-cerium system 5 ppm of cerium in the fuel is used whereas in literature 25 -100 ppm of cerium is reported [8, 9] .
The high temperatures that can be observed during a forced regeneration of the filter can be high (1200 K, indifferent of the metal additive used), but this effect can be reduced by keeping the amount of soot on the filter as low as possible. This can be achieved by using an appropriate filter in combination with a sufficiently high exhaust gas temperature. An active motor management system perhaps in relation to the pressure drop over the filter which can induce regeneration by retarded fuel injection or adjustment of the EGR ratio can be considered.
CONCLUSION
The combination of metal activated soot with a catalyzed trap fully exploits the low temperature reactions by which intermediates and products of the NO/O 2 reactions oxidize carbon particulates. The use of metal oxides such as ceria in the preferred system also ensures that at high temperatures (>673 K ) carbon particulate can react directly with oxygen catalyzed by the ceria.
A platinum/cerium metal fuel additive system can result in continuous regeneration of a catalytic diesel particulate filter from temperatures of 600 K and higher. The high activity of the system is a result of a synergy between platinum and cerium, present in the soot and on the trap.
When iron or copper is used instead of cerium, the synergy with platinum is, although present, less significant.
The temperature at which a filter continuously regenerates is a function of the particulate loading on the filter and hence the pressure drop across the filter.
When the amount of soot on the filter is kept low by continuous regeneration of the filter, the temperature excursion during an induced complete regeneration can be limited.
The system can be operated with fuel containing 500 ppm of sulfur without plugging of the filter for at least 250 hours of continuous operation.
